OBJECTIVES
The objective of this study was to investigate whether immunoadsorption (IA) removes cardiodepressant antibodies from the plasma of patients with dilated cardiomyopathy (DCM), as well as to describe their effects on isolated rat cardiomyocytes. BACKGROUND Immunoadsorption induces early hemodynamic improvement in patients with DCM. The mechanisms for this improvement remain to be elucidated.
METHODS
Patients with DCM (n ϭ 11; left ventricular ejection fraction Ͻ30%, cardiac index [CI] Ͻ2.5 l/min per m 2 ) were treated with IA on three consecutive days, with one IA session daily, by application of specific antibody columns directed against human immunoglobulin (Ig). Immunoadsorption was also conducted on 500 ml of blood taken from nine healthy donors (control subjects). After passage of plasma, the IA columns were regenerated. Column eluent (CE) was collected and dialyzed (100 kD). Confocal laser scanning microscopy was used to analyze the effects of CE on cell contraction and on Ca 2ϩ -dependent fluorescence in isolated, field-stimulated adult rat cardiomyocytes loaded with cell-permeable Fluo-3. Immunoprecipitation with different preparations of myocardial protein fractions was used for characterization of cardiotropic antibodies.
RESULTS
During IA, the IgG plasma level decreased from 10.7 Ϯ 0.6 to 2.4 Ϯ 0.1 g/l (mean Ϯ SEM), and the CI increased from 2.2 Ϯ 0.1 to 2.7 Ϯ 0.2 l/min per m 2 (p Ͻ 0.01). The CE obtained from control subjects did not influence Ca 2ϩ transients or cell shortening of cardiomyocytes. In contrast, in patients with DCM, the CE collected during the first regeneration cycle of the first IA session caused an immediate and dose-related decrease of Ca 2ϩ transients (dilution 1:5; Ϫ22.7 Ϯ 5.5%; p Ͻ 0.01) and cell shortening (dilution 1:5; Ϫ29.9 Ϯ 6.0%, p Ͻ 0.01). Early hemodynamic improvement among the patients correlated with the cardiodepressant effect of CE on the isolated cardiomyocytes. Purification of CE by protein A adsorption indicated that the cardiodepressant substances are antibodies. Immunoprecipitation revealed that the eliminated antibodies are capable of binding to various myocardial proteins. Dilated cardiomyopathy (DCM) is a chronic myocardial disease characterized by progressive ventricular enlargement and myocardial contractile malfunction (1) . Disturbances in humoral and cellular immunity have been described in cases of myocarditis and DCM (2, 3) . A number of autoantibodies against cardiac cell proteins have been identified in DCM. These include antibodies against contractile proteins, the cardiac beta-receptor, mitochondrial proteins, the calcium channel, the muscarinic receptor and the sarcoplasmic reticulum (4 -8) . The functional role of cardiac autoantibodies in DCM is still unclear. The possibility exists that antibodies play an active role in the pathogenesis and progression of the disease (9) . If autoantibodies contribute to cardiac dysfunction in DCM, their removal would be expected to improve the hemodynamic variables. Cardiac autoantibodies that belong to the immunoglobulin G (IgG) fraction are extractable by immunoadsorption (IA). We recently reported that IA induces an early and prolonged hemodynamic improvement in patients with DCM, which manifests itself by a significant increase in the cardiac index (CI) (10, 11) . Immunoadsorption and subsequent IgG substitution also ameliorate myocardial inflammation in patients with DCM (12) . Immunoadsorption may represent an additional therapeutic approach in patients suffering from DCM (10 -13) . The underlying mechanisms of the early hemodynamic effects of IA were not further investigated. The objectives of this study were therefore to investigate whether IA removes cardiodepressant antibodies from the plasma of patients with DCM and to describe their effects on isolated rat cardiomyocytes.
METHODS
Study patients. Included in the study were male patients (n ϭ 11; mean age 51.5 Ϯ 4.3 years; mean disease duration 3.7 Ϯ 0.6 years) with DCM and severe left ventricular dysfunction (New York Heart Association functional class III/IV; left ventricular ejection fraction [LVEF] Ͻ30%; CI Ͻ2.5 l/min per m 2 ). All patients had been taking a stable dosage of oral medications (e.g., angiotensin-converting enzyme inhibitors, digitalis, diuretics) for at least three months. Six patients received a beta-blocker in a stable dosage for at least six months. Coronary heart disease was excluded by angiography. From all patients, we obtained myocardial biopsies from the interventricular septum of the right ventricle. In all cases, acute myocarditis was excluded, according to the Dallas criteria (14) . Patients were excluded if they had active infectious diseases, cancer, chronic alcoholism or heart failure due to other known origins. Immunoadsorption was likewise conducted on 500 ml of blood from healthy, male, age-matched donors (control subjects: n ϭ 9; mean age 49.7 Ϯ 3.3 years). Immunoadsorption and hemodynamic measurements. Immunoadsorption was performed on 11 patients with DCM, with one session daily on three consecutive days. Immunoglobulin extraction took place with a specific immunoadsorber (Ig-Therasorb, Baxter, Munich, Germany), as described recently (11) . Each session was continued until 5 l of plasma had passed through the IA columns. Hemodynamic measurements were performed four times a day with a Swan-Ganz thermodilution catheter, at baseline, one day before IA (day 0) and after each IA session (days 1-3). The interval between two hemodynamic measurements was at least 3 h. The hemodynamic values given in Figure 1 and Table 1 represent the mean values from hemodynamic measurements performed four times a day. After completion of hemodynamic measurements (day 3), polyclonal IgG (0.5 g/kg intravenously) was substituted for safety reasons-to reduce the risk of infection and to prevent rebound of antibody production.
Collection and purification of column eluent (CE).
Regeneration of the IA columns was performed by irrigation with different solutions: 1) 120 ml of 0.9% NaCl; 2) 230 ml of glycin-HCl (0.2 mmol; pH 2.8); 3) 300 ml of phosphate-buffered saline (pH 7.2); and 4) 250 ml of 0.9% NaCl. Collection of 230 ml of CE took place during the first regeneration cycle of each IA session, followed by dialyzation (molecular weight cut-off 100 kD, 1:100,000) against experimental buffer (in mmol/l: 117 NaCl, 2.8 KCl, 0.6 MgCl 2 , 1.2 KH 2 PO 4 , 1.2 CaCl 2 , 20 glucose and 10 HEPES; pH 7.3) for 30 h to remove molecules Ͻ100 kD. The CE was then heated (56°C, 30 min) for inactivation of the complement. Aliquots of CE were stored at Ϫ70°C before testing in isolated cardiomyocytes.
In a further series of experiments, the CE was dialyzed (MWCO 0.5 kd, 1:100,000) for 30 h against the experimental buffer, heated (56°C, 30 min) and passed through protein A sepharose CL-4B columns (Pharmacia Biotech, Sweden) for Ig extraction.
Measurement of Ca
2؉ -dependent fluorescence and cell length in isolated cardiomyocytes. Ventricular cardiomyocytes from adult Wistar rats weighing 180 to 200 g (n ϭ 24) were isolated as described elsewhere (15) . The cardiomyocytes were suspended in experimental buffer and stained with the Ca 2ϩ fluorescent cell-permeable Fluo-3 (5 mol/l; F 6142 Sigma, Deisenhofen, Germany).
Single cardiomyocytes were field-stimulated (1 Hz, 5 ms) and superfused continuously with experimental buffer (2 ml/min). The Ca 2ϩ -dependent fluorescence-expressed by relative fluorescence units (rfu)-and cell length were simultaneously measured (488 nm, 120 images/s) in the cardiomyocytes by confocal laser scanning microscopy (Odyssey XL, Noran Instruments, Middleton, Wisconsin), as described elsewhere (15) . Changes in Ca 2ϩ transients were calculated as: peak systolic rfu Ϫ diastolic rfu, without the effort for calibration, due to the uncertain subcellular compartmentation of the probes (16) . Under control conditions, the cardiomyocytes (n ϭ 90) shortened during stimulation by 8.2 Ϯ 0.5% (mean Ϯ SEM), and Ca 2ϩ -dependent fluorescence increased from 31.3 Ϯ 0.9 rfu (diastolic) to 80.9 Ϯ 3.1 rfu (peak systolic). After equilibration for 2 min, control data were recorded, and different dilutions of CE from patients with DCM and control subjects were superfused. The measured variables were evaluated for each dilution once the effect of CE had reached a steady state. Each cardiomyocyte was used for only a single investigation of one of five different dilutions of CE. The experiments were performed in blinded fashion, and the investigators were unaware of whether the eluent originated from patients or control subjects. All data were stored on a hard disk, and changes in Ca 2ϩ transient and cell shortening were analyzed off-line by a computer program, as described elsewhere (15) . Immunologic variables. Concentrations of tumor necrosis factor-alpha (TNF-alpha), interleukin (IL)-6, IL-8, IL-10 and IL-1-beta were determined using the automated Immulite chemiluminescence enzyme immunoassay system (DPC Biermann, Bad Nauheim, Germany) to determine the role of cardioactive cytokines in CE. Determination of
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Removal of Cardiodepressant Antibodies in DCM beta-receptor antibodies in the patients' serum and CE took place as previously described (8) . Preparation of myocardial protein fractions and immunoprecipitation. Explanted hearts of adult Wistar rats were homogenized in buffer A (50 mmol/l Tris/HCl [pH 7.5], 150 mmol/l sodium chloride, 10 mmol/l magnesium chloride) and were centrifuged at 20,000 g for 1 h at 4°C.
After resuspension of the pellet in buffer B (50 mmol/l Tris/HCl [pH 7.5], 0.5 mol/l NaCl, 10 mmol/l EDTA) and stirring at 4°C for 30 min, centrifugation was carried out under the same conditions as described previously. The supernatant consisting of the myocardial membraneassociated protein fraction was saved, and the pellet containing the total myocardial membrane protein fraction was Figure 1 . (A) Effects of the indicated dilutions of CE on isolated, field-stimulated rat cardiomyocytes. The CE was collected on day 1 during the first regeneration cycle of IA, session 1. Changes of Ca 2ϩ transients (peak systolic rfu Ϫ diastolic rfu) (left plot) and systolic cell shortening (right plot) during superfusion of CE from healthy blood donors (control subjects ϭ solid squares, n ϭ 9) and of CE from patients with DCM (solid triangles, n ϭ 11). Data (percent changes from baseline) are presented as the mean value Ϯ SEM. *p Ͻ 0.05, **p Ͻ 0.01 and *** p Ͻ 0.001 vs. control subjects. (B) Correlation of effects of CE (collected on day 1, dilution 1:5) from patients with DCM on Ca 2ϩ transients and systolic cell shortening of isolated, field-stimulated rat cardiomyocytes, with the increase in CI during session 1 of IA. CI ϭ confidence interval. 
RESULTS
Effects of the eluent collected from IA columns on isolated rat cardiomyocytes. In patients with DCM, IA induced an increase in CI, from 2.2 Ϯ 0.1 (day 0, baseline) to 2.7 Ϯ 0.2 l/min per m 2 (day 3) (p Ͻ 0.01) ( Table 1 ). The stroke volume index increased in parallel: from 31 Ϯ 2 to 37 Ϯ 2 ml/m 2 (p Ͻ 0.01). The heart rate did not change significantly. Immunoglobulin G and beta-receptor antibody serum levels decreased in the IA group from 10.7 Ϯ 0.6 to 2.4 Ϯ 0.1 g/l (p Ͻ 0.01) and from 4.4 Ϯ 0.2 to 0.3 Ϯ 0.1 relative units (p Ͻ 0.01), respectively. Superfusion of the rat cardiomyocytes with CE obtained from the blood of healthy donors (n ϭ 9) did not influence Ca 2ϩ transients or cell contraction (Fig. 1A) . However, when the cells were superfused with CE collected on day 1 from patients with DCM, Ca 2ϩ transients and cell contraction decreased in parallel. The reduction of systolic cell shortening and Ca 2ϩ transients was a function of the dilution of CE with experimental buffer (Fig. 1A) . Nonparametric repeatedmeasures ANOVA with data alignment yielded significant changes in cell shortening and Ca 2ϩ transients (p Ͻ 0.001 within DCM group; p Ͻ 0.001 between DCM group and control group). When CE was diluted to 1:5, Ca 2ϩ transients and systolic cell shortening decreased by Ϫ22.7 Ϯ 5.5% and Ϫ29.9 Ϯ 6.0% (Fig. 1A, Table 1 ). The effect produced by the eluent occurred within 2 min and remained unchanged after superfusion with fresh experimental buffer. Diastolic Ca 2ϩ -dependent fluorescence did not change significantly. The decline of Ca 2ϩ transients was therefore primarily the result of a decrease of systolic Ca 2ϩ -dependent fluorescence.
Hemodynamic improvement during IA was not uniform among the patients with DCM. However, there was a significant correlation of the patients' hemodynamic benefit from IA, as indicated by the increase in CI, with the negative inotropic effect of their CE on the isolated cardiomyocytes (Fig. 1B) . The negative inotropic effect of CE collected on days 2 and 3 was less pronounced: CE collected on day 3 of IA (dilution 1:5) decreased Ca 2ϩ transients and systolic cell shortening by Ϫ4.8 Ϯ 2.8% and Ϫ6.1 Ϯ 3.6%, respectively ( Table 1) .
Identification of antibodies in CE.
Neither TNF-alpha nor IL-1-beta, IL-6, IL-8 or IL-10 were detectable in the CE of control subjects and patients with DCM. The beta-receptor antibody level in CE collected on day 1 of IA was 5.3 Ϯ 0.3 relative units. However, pretreatment with metoprolol (2.8 mol/l) did not influence the negative inotropic effects of CE (dilution 1:5) obtained from patients with DCM on the rat cardiomyocytes, which indicates that the inotropic effects of CE were not modulated by betareceptor antibodies.
After adsorption to protein A sepharose columns, the CE (dilution 1:5) from the patients with DCM did not significantly influence Ca 2ϩ transients (Ϫ3.3 Ϯ 1.5%, p Ͼ 0.05 vs. baseline) or cell shortening (Ϫ6.8 Ϯ 3.8%, p Ͼ 0.05 vs. baseline) in the isolated myocytes. After elution of the protein A sepharose columns, the negative inotropic effect of CE obtained from the patients with DCM was again detectable: superfusion of the rat cardiomyocytes with CE (dilution 1:5) eluted from the protein A columns significantly decreased Ca 2ϩ transients (Ϫ15.6 Ϯ 4%, p Ͻ 0.05 vs. baseline) and cell shortening (Ϫ26.3 Ϯ 6%, p Ͻ 0.05 vs. baseline).
The CE was furthermore used for immunoprecipitation with different protein fractions of myocardial tissue. Use of the fraction of membrane-associated proteins for immunoprecipitation resulted in more precipitated proteins, as compared with use of the membrane protein fractions. The amount of precipitated proteins varied among the patients; however, protein patterns did not differ between control subjects and patients with DCM (Fig. 2) .
DISCUSSION
Immunoadsorption removes cardiodepressant substances from the plasma of patients with DCM. Immunoadsorption induced an early increase in CI, an increase similar to
Removal of Cardiodepressant Antibodies in DCM the rise in the stroke volume index. The heart rate did not change significantly. The increase in CI was therefore primarily related to parallel improvement in the stroke volume index. The aim of the present study was to investigate the mechanisms involved in the early beneficial hemodynamic effects of IA in DCM, by means of an in vitro bioassay system using isolated cardiomyocytes. Our results indicate that the CE of patients with DCM contains substance(s) that decrease cell contraction in isolated rat cardiomyocytes by depression of Ca 2ϩ transients. In contrast, the CE from healthy control subjects did not modulate cell contraction and Ca 2ϩ -dependent fluorescence. In addition, the early hemodynamic benefit seen in patients with DCM during IA correlated with the negative inotropic effects of their CE: the higher the increase in CI, the greater the decrease in systolic cell shortening and Ca 2ϩ transients in the cardiomyocytes induced by CE (Fig. 1B) . Chemical nature of cardiodepressant substances. The present study yields further information on the chemical nature of cardiodepressant substances. Different cardioactive cytokines were not detected in CE. Dialysis of CE indicates that the molecular size of the substances is Ͼ100 kD. A possible role played by the complement system was excluded by heat inactivation. Passage of CE through protein A columns that bind to the Fc region of Ig molecules prevented the negative inotropic effect of CE, an effect that was again detectable in the eluent of the protein A columns. Therefore, we deduce that removal of circulating cardiodepressant antibodies from plasma is possibly the primary underlying mechanism of the early beneficial hemodynamic effects of IA in patients with DCM. Immunoprecipitation disclosed that the antibodies obtained from CE are able to bind to different myocardial proteins. However, no differences were detected between control subjects and patients with DCM. The apparent lack of different myocardial protein patterns between patients and control subjects may be due to the fact that the amount of cardiac antibodies is too low to demonstrate a specific myocardial protein pattern for the patients with DCM. Furthermore, it is possible that IA removed negative inotropic antibodies of low affinity. This conclusion is supported by the fact that the first IA session already significantly improved the patients' hemodynamic variables, a development paralleled by the negative inotropic effects of CE (Fig. 1, Table 1 ). This finding suggests that the putative antibodies diffuse easily from their binding to the cardiac antigens. Finally, the functional activity of cardiac antibodies is not paralleled by their binding properties. Jahns et al. (19) showed that only a subgroup of antibodies that bind to the peptide of beta 1 receptor can realize functional activity on the native receptor. Therapeutic interventions in immune disorders for patients with heart failure and DCM. Immune-mediated damage to the myocardium is thought to be a primary cause of DCM. Experimental and clinical data suggest a causal relationship between viral myocarditis and DCM (20, 21) . In a major subset of patients with DCM, immunohistologic methods have been introduced for the diagnosis of myocardial inflammation, which allows identification of inflammatory cellular infiltration, as well as increased expression of cell adhesion molecules (22, 23) . Proinflammatory cytokines play an important role in the development of myocardial inflammation (21) . Cytokines are also recognized as essential markers of immune responses in heart failure. Clinical studies have shown that proinflammatory cytokines-in particular, TNF-are released in congestive heart failure (24) . Recent therapeutic approaches to the treatment of heart failure have implicated the factors reported in these immunologic findings. Modulation of cytokine metabolism or anticytokine therapy may represent a promising therapeutic target for the treatment of chronic congestive heart failure. A recent phase-1 study indicates that anticytokine therapy may lead to improvement in the functional status of patients with heart failure (25) . Furthermore, administration of high doses of Ig has a positive influence on the balance between inflammatory and anti-inflammatory cytokines in patients with chronic, symptomatic heart failure (26) . This effect has been correlated to an improvement of LVEF. In contrast, a recent controlled trial did not demonstrate evidence of therapeutic efficacy in Ig therapy of patients with recentonset DCM (27) . Immunosuppression should not be used in the routine treatment of myocarditis (20) . However, for a subset of patients with inflammatory DCM and immunohistologically proven myocarditis, immunosuppressive therapy has a long-term benefit (28) . Our data indicate that disorders of the humoral immune system, in conjunction with production of cardiac autoantibodies, play a functional role in DCM. Removal of cardiodepressant antibodies by IA may, accordingly, represent an additional therapeutic approach to patients with DCM. Study limitations. Several antibodies have been described for DCM. The present study included only a small number of patients, and therefore did not investigate the contribution of a particular antibody to cardiac malfunction in DCM. Further studies are necessary to elucidate the specific antigens of the various cardiac autoantibodies obtained in the CE of patients with DCM and to ascertain their effects on cell contraction and signal transduction of the cardiomyocytes. Conclusions. Removal of circulating negative inotropic autoantibodies from plasma may contribute to the early beneficial hemodynamic effects of IA in patients with DCM. Our in vitro data indicate that these antibodies do not reflect an epiphenomenon associated with DCM; rather, they play a functional role in this disease.
